ABSTRACT. Approximately 10-15% of all pregnancies end in spontaneous abortions. Many factors can lead to embryonic loss; however, it has been well established that over 50% of all miscarriages result from chromosomal abnormalities, primarily aneuploidies (>96%). Identifying the cause of miscarriage can significantly reduce the psychological stress in women, and enable better genetic counseling for a future pregnancy. Quantitative fluorescent polymerase chain reaction (QF-PCR) has been previously used in the study of chromosomal abnormalities. In this retrospective study, the frequency of aneuploidy in samples of 130 miscarriages undergone by patients (age average: 34.1 ± 4.6 years) at our institution was determined by QF-PCR using short tandem repeat markers. The gender of the miscarriage cases was determined by amplifying the amelogenin locus (70 males and 60 females). Seventy-one of these cases (54.6%) presented aneuploidies such as trisomy, monosomy, triploidy, and double trisomy. Trisomy 22 was the most common aneuploidy (present in 14 cases), followed by trisomy 15, trisomy 16, and monosomy X. We also observed monosomy at chromosomes X and 21 and a case with multiple aneuploidies at chromosomes 16 and 22. The most common aneuploidies associated with miscarriages were detected by QF-PCR; therefore, we concluded that QF-PCR is a rapid and reliable method for the detection of aneuploidy, and can be used as an accessory to the widely used karyotype analysis.
INTRODUCTION
Approximately 10-15% of all pregnancies end in spontaneous abortions (Miller et al., 1980; Quenby et al., 2002) . Infections, maternal hormonal imbalances, uterine malformations, immunological disorders, and fetal genetic abnormalities can lead to embryonic loss (Shearer et al., 2011) . It is well established that over 50% of abortions result from chromosomal abnormalities (Menasha et al., 2005; Shearer et al., 2011) . Aneuploidy, particularly on chromosomes 13, 15, 16, 18, 21, 22 , X, and Y, is the major type of chromosomal abnormality (>96%) that leads to miscarriages (Carrera et al., 1996; Jia et al., 2015) . Aneuploidy is caused by non-disjunction in meiosis I and meiosis II during gametogenesis, resulting in an abnormal number of chromosomes in the gametes (Weaver et al., 2006) . Autosomal trisomy, in particular, is responsible for a large percentage of miscarriages (Kalousek et al., 1993) . Studies show that women with one or more miscarriages caused by aneuploidy are at an increased risk of developing fetuses with chromosomal abnormalities in the future (Bianco et al., 2006) . Identifying the cause of miscarriage can significantly reduce psychological stress in women who suffer from miscarriages (Nikcevic et al., 1999) and enable better genetic counseling to the couple for a future pregnancy (Carp et al., 2001) . Full cytogenetic karyotype is the gold standard technique for the study of products of conception, and is highly recommended even in the case of a first spontaneous abortion (Silvestre et al., 2002) , as it allows the evaluation of all chromosomes. However, this technique entails problems such as culture failure, contamination of the sample with maternal cells, high cost, and relatively high time to obtain the result (Bán et al., 2002) . Quantitative fluorescent polymerase chain reaction (QF-PCR), which is based on the analysis of microsatellite markers (short tandem repeats, STRs), is a diagnostic tool capable of detecting aneuploidy directly from the genomic DNA isolated from products of conception, without using growing cells (Osborne et al., 2005; Zou et al., 2008; Comas et al., 2010) . We have previously used QF-PCR to study spontaneous abortions. It is an interesting alternative to karyotype analysis because of its reliability, sensibility, and lower cost. The aim of this retrospective study was to determine the incidence and types of aneuploidies responsible for miscarriage in patients referred to our institution for the molecular study of conception products by QF-PCR.
MATERIAL AND METHODS

Biological samples
We carried out a retrospective study of 130 QF-PCR results of miscarriage content performed at Hermes Pardini Institute between 2013 and 2014 by women who underwent spontaneous abortion. Data such as the gestational age at abortion and the reproductive history of the mothers were not included, because majority of the samples were referred to our laboratory with limited clinical data. Ovular remains and embryonic or fetal tissue specimens were analyzed prior to DNA extraction. The material received was previously examined under a microscope to separate a section of the fetal material for the study. Possible contamination of the fetal material by maternal blood was confirmed by analyzing maternal blood samples. All information was obtained from our databank. This retrospective study was conducted using data from anonymous patients; therefore, this study was exempted from the informed consent requirement.
DNA extraction
DNA was extracted from approximately 1-3 g fetal material using a standard phenolchloroform extraction method (Sambrook et al., 1989) . Maternal DNA was extracted using an FTA™ classic card (GE Healthcare, Little Chalfont, UK). The extracted samples were also subjected to a paternity test using the standard VeriFiler™ direct PCR amplification kit (Thermo Fisher Scientific, Waltham, MA, USA). When maternal contamination was detected in fetal samples, we attempted to separate the material again; in case of persistent contamination, the fetal sample was excluded from the study. Uncontaminated fetal samples were amplified by QF-PCR using ChromoQuant ® QF-PCR and ChromoQuant PLUS ® QF-PCR kits (CyberGene, Solna, Sweden), to detect or exclude the presence of aneuploidy on chromosomes 13, 15, 16, 18, 21, 22, X, and Y.
QF-PCR
QF-PCR is based on the assumption that the amount of specific DNA produced during the exponential phase of PCR is proportional to the quantity of the initial target (Diego-Alvarez et al., 2005) . Amplification of the highly polymorphic chromosomespecific STR sequences should, therefore, indicate the high rate of heterozygosity among individuals. In this study, PCR products were detected and quantified by analyzing the peak areas shown by a DNA analyzer using fluorescent primers (Nicolini et al., 2004; Diego-Alvarez et al., 2005) . The 12.5-µL PCR mixture was composed of 5 µL template DNA (diluted to 1.5-2.0 ng/µL) and 7.5 µL ChromoQuant mix, comprising a Taq polymerase. We performed five independent multiplex reactions with STR markers for chromosomes 21, X, and Y; chromosomes 13, 18, X, and Y; chromosome 15; chromosome 16; and chromosome 22 (Table 1 ). The reaction conditions were set as follows: 26 cycles of denaturation at 94°C for 30 s, annealing at 57°C for 1 min, and extension at 71°C for 2 min; and a final extension at 71°C for 5 min. Additional markers (ChromoQuant ® QF-PCR and ChromoQuant plus ® QF-PCR kits; CyberGene AB) were used in case of homozygosity of all markers specific for chromosomes 13, 18, and 21, and the sex chromosomes. The protocol and PCR program were the same as for the other markers. The PCR products (1 µL) were mixed with HI-DI formamide (8.7 µL) and GeneScan™ 500 ROX ® size standard (0.3 µL; Thermo Fisher Scientific). The products were electrophoresed using the 3730 DNA sequencer by Thermo Fisher Scientific. The amplification products were analyzed and their relative fluorescent intensities were calculated using the Gene marker software (Softgenetics, State College City, PA, USA). The allelic ratio was subsequently determined for each marker. In a normal sample, two doses of an STR marker can be observed as two peaks at a 1:1 ratio. A trisomy sample presents three doses of an STR marker, which is observed either as three peaks at a 1:1:1 ratio (three peaks), or as a pattern of two peaks, at a 2:1 ratio. Triploidy can be detected when the markers studied in all chromosomes show a trisomic pattern of amplification. 
RESULTS
A total of 130 [70 (53.8%) males and 60 (46.2%) females; average age: 34.1 ± 4.6 years] spontaneous abortion tissue samples were analyzed by QF-PCR. The gender of all samples was identified by amplifying the amelogenin locus. The X and Y PCR products were amplified at a normal 1:1 ratio in all male samples, whereas X-specific PCR products were amplified at a 1:1 ratio in female samples. The amplification products of 71 of the 130 cases (54.6%) presented aneuploidies such as trisomy, monosomy, triploidy, and double trisomy ( Table 2 ). Among these, trisomy 22 (14 cases), trisomy 15, trisomy 16, and monosomy X were commonly observed. Trisomy samples presented triallelic patterns with a 1:1:1 ratio between the three peaks, or diallelic patterns with a 2:1 ratio between the two peaks ( Figure 1) . We also observed monosomy on chromosomes X and 21. Chromosome X monosomy was characterized by the presence of a single QF-PCR product for all X chromosome markers (only one peak for all markers) and by the absence of the Y-specific amelogenin locus (Figure 2 ). Triploidy was observed in 11.3% (8/71) of the samples with aneuploidies. Trisomy patterns (triallelic and diallelic) were observed for all markers (Figure 3 ). One case of multiple aneuploidies, wherein the patient presented double trisomy of chromosomes 16 and 22, was identified. Amplification of the DXYS267 marker resulted in one peak corresponding to the X chromosome. Only one peak was observed for the X-specific STR markers DXS6809, DXS6803, and DXS8377. TAF9B has a pseudogene on chromosome 3, evidenced by one peak representing two chromosomes 3 (196-198 bp) and one peak corresponding to the X chromosome (210-212 bp). TAF9B presents a 1:1 ratio in a normal XX sample; however, because of the presence of a single X-chromosome, we observed a 2:1 ratio between the two peaks in TAF9B. 
DISCUSSION
Chromosomal analysis of the products of conception could play a useful role in determining the causes of miscarriage, and in estimating the risk of recurrence in future pregnancies. More than 50% of spontaneous abortions are known to carry chromosomal aneuploidies; in fact, researchers have reported a rate of aneuploidy ranging from 23 to 61% (Lomax et al., 2000; Menten et al., 2009) . In this retrospective study, QF-PCR analysis of 130 miscarriage samples revealed the presence of aneuploidies in 54.6% of the cases. Shearer et al. (2011) reported that approximately 1613 of 3361 (48%) karyotype samples presented numerical chromosome abnormalities, whereas Zou et al. (2008) reported an aneuploidy frequency of 36.1% in 61 miscarriage samples, using QF-PCR. Our study revealed that the major chromosomal abnormalities related to spontaneous abortions included trisomy, monosomy X, and triploidy. In particular, autosomal trisomy was responsible for a large number of abortions. Trisomy 22 was the most frequently identified aneuploidy, followed by trisomy 15 and trisomy 16. Alternately, Menasha et al. (2005) identified trisomy 16, 22, and 21 as the most common aneuploidies via karyotype analysis. Jia et al. (2015) , however, identified trisomy 16, trisomy 22, and monosomy X as the most frequent aneuploidies, via fluorescence in situ hybridization (FISH). Although trisomies in all chromosomes are implicated in spontaneous abortions, the most common trisomies, involving chromosomes 14, 15, 16, and 22 (Stephenson et al., 2002; Menasha et al., 2005) , have been identified as major causes of early spontaneous abortions. Anomalies on chromosomes 13, 18, 21, and the sex chromosome are more common in late miscarriages (Menasha et al., 2005) . Our study was limited by the lack of availability of information regarding the gestational age.
QF-PCR allowed the identification of triploidy in 11.3% of the samples. DiegoAlvarez et al. (2005) identified triploidy in 12.5% of their study population using QF-PCR. Jenderny (2014) detected triploidy in 12% of all studied abortions by cytogenetic analysis. Triploidy is common in early pregnancy (1-3% of all clinically recognized pregnancies); however, approximately 99% of the fetuses are lost before the third trimester (Jenderny, 2014) . The incidence of fetuses developing with chromosomal abnormalities is known to reduce as the pregnancy progresses; however, the exact reason for the frequent occurrence of certain types of aneuploidies remains unknown (Diego-Alvarez et al., 2005) . Embryos that are carriers of these aneuploidies can successfully achieve implantation and initiate the pregnancy, but cannot develop until birth. Some abnormalities, such as autosomal monosomy and several types of aneuploidies, are very rare because of their lethality. Embryos with these defects are managed by the natural selection mechanism, which operates via the interruption and degeneration of abnormal embryos (Diego-Alvarez et al., 2005) . We identified one case (1.4%) of multiple aneuploidy, a double trisomy involving chromosomes 16 and 22. Double trisomy/ aneuploidy is observed in 0.21-2.8% of abortions (Reddy, 1997; Diego-Alvarez et al., 2005; Micale et al., 2010) . Subramaniyam et al. (2014) reported that chromosomes 21, 16, X, 22, 18, 13, and 15 were chiefly involved in double trisomy, in the decreasing order of frequency. Double aneuploidies are also associated with advanced maternal age and miscarriage at a very early gestational age (Reddy, 1997) . Our case of double trisomy cannot be related to the maternal age, as the mother was 36 years old. Moreover, one case with monosomy 21 was identified in this study. Monosomy 21 was the most common autosomal monosomy observed in a study published by Shearer et al. (2011) . Loss of a chromosome may be lethal because of the haploinsufficiency of essential genes to development. Chromosome X monosomy is the only monosomy compatible with life. QF-PCR facilitated the detection of major aneuploidies associated with spontaneous abortions. This highly accurate and rapid method can be used to detect numerical chromosomal abnormalities, and is economical compared to karyotype analysis. This technique allows the simultaneous analysis of various chromosomes and a large number of samples. However, this method has certain limitations: it does not offer a correct diagnosis for mosaicism, small deletions, duplications, and translocations. QF-PCR is a rapid and reliable method for the detection of aneuploidy in spontaneous abortions and can be considered as an accessory to karyotype analysis.
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